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ABSTRACT 

This review focuses on flat and superthin galaxies. These are edge-on bulgeless galaxies, which 
are composed of a simple, stellar disk. The properties of these simple disks are at the end of a 
continuum that extends smoothly from bulge-dominated disk galaxies to the pure disks. On average, 
simple disks are low-mass galaxies with low surface brightnesses, blue colors, and slow rotational 
velocities. Widely-accepted cosmological models of galaxy formation and evolution were challenged 
by a relatively large observed fraction of pure disk galaxies, and only very recent models can explain 
the existence of simple disk galaxies. This makes simple disks an optimal galaxy type for the study 
of galaxy formation in a hierarchical Universe. They enable us to analyze the environmental and 
internal influence on galaxy evolution, to study the stability of the disks, and to explain the nature 
and distribution of dark matter in galaxies. This review summarizes the current status of edge-on 
simple disk galaxies in the Universe. 

Subject headings: Galaxies, lYA Review 



L INTRODUCTION AND HISTORY 



After the Great Debate in 1920 (jTrimblelll995l ). it be- 
came evident that m any of the kno wn nebulae were ex- 
tragalactic systems. iHubbld (|1926( ) introduced a classi- 
fication scheme for extragalactic nebulae that is still the 
most powerf ul tool today to cate gorize galaxy morphol- 
ogy (see also lvan den Berghll2007f ). In this scheme, galax- 
ies of different morphologies can be reduced into two ba- 
sic geometric manifestations: stellar spheroidal ellipsoid 
or stellar disk. All other morphologies represent a com- 
bination of spheroidal components centered in disks, and 
span a continuum from the spheroid-dominated early- 
type galaxies (E, SO, Sa) to the disky late-type galaxies 
(Sb, Sc, Sd, Sm, Im, Irr). Peculiar and distorted mor- 
phologies are considered to be the resul t of interaction 
processes (lPfleidererill96a IToomrd [19771) . 
In the 1960s, a special type of a thin and elongated 
alaxy was f ound i n various galaxy surveys . fOgo rodnikoyl 
19571 mil) and IVorontsov-VelVaminovl (fl967L [MM 
were among the fi rst scienti s ts wh o studied these needle- 
shaped galaxies. iFuiimotd (|1968D suggested that these 
systems are very elongated, prolate ellipsoids. However, 
the needles would be gravitationally and kinematically 
unstable systems. It later became evident that these ob- 
j ects are bulgeless "sin iple disk" galaxies seen edge-on 
(|Heidmann et al.l ()1972D . see also iCaimml (|2007[ )). Fig- 
ure [T] shows an example of an edge-on simple disk galaxy 
in contrast to a disk galaxy with bulge. 

Because of their appearance, these galaxies arc fre- 
quently called flat gala xies (e.g., [Karachcntscv 1989; 
iKarachentsev et al.ll993fl . Flat galaxies are edge-on disks 
that are defined to have axial ratios of the semi-major 
to semi-minor axis of > 7 on blu e photographic plates 
(IKarachentsev et al.l 119931 Il999| l: for instance, M33 
would be a flat galaxy when seen edge-on. Almost all flat 
galaxies are bulgeless disks. Objects with even larger ax- 
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Fig. 1. — The late-type, bulgeless edge-on galaxy J214439.43- 
064122.5, an Sd(f) class galaxy, is an example of a sim- 
ple disk. For contrast, the inlay shows a typical disk galaxy 
(J111146. 36+364442.3) with a bulge of type Sa(f). Note the typ- 
ical dust lane in the Sa(f) galaxy which is absent in the simple 
disk galaxy. Bo th images are taken from the SDSS and shown in 
IKautschI Il2009al) . The angular size of the images is 100 arcsec . 



ial ratios (|- > 10) are called superthin galaxies and rep- 
resent a subset of b ulgeless flat galaxies w i th ver y small 
disk scale heights (|Goad k, Roberts! 119791 I1981D . Flat 
bulgeless and superthin galaxies are part of the class of 
simple disk galaxies, which ranges from thin, late-type 
galaxies of morphological Hubble class ^Scd and later 
without a bulge componenlQ to the thicker, puffy disks 
of bulgeless irregular disks. The Large Magellanic Cloud, 
LMC, represents a prototy pe for a non edge-o n irregular 
and puffed bulgeless disk (jWvse et al.lll997t ). This re- 
view focuses on the properties and challenges related to 



^ Not all late-type spirals are bulgeless IIBoker et al.l I2003al : 
IGraham &:"Worlev.,200&') . 
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bulgeless flat and supertliin galaxies as an integral part 
of the class of simple disk galaxies. 

2. FORMATION 

The formation of disk galaxies in general is believed to 
be the result of the collapse of a gaseous protogalaxy 
within a dark halo (lEggen et all 119621 : iWhite fc Re"eg 
ll978HFall fc Efstathioulll980f ). Chemodvnamical and an- 
alytical models of disk evolution within a slowly growing 
dark matter (DM) halo can reproduce many properties 
of disk galaxies like the Milky W ay (Saml and fc GerhardI 
[200l [Hernandez fc Cervantes-So di 2006: lDuttonll2009D . 
In these models, a Gaussian distribution of initial con- 
ditions leads to either a massive disk galaxy after an ef- 
ficient collapse of a low angular momentum protogalaxy 
or to a low surface-brightness (LSB) exponential disk 
out of an inefhcient cooling protoga laxy with high angu- 
lar momentum and /o r lower mass (jSandage et al.l [19701 : 
iDalcanton et al.lll997D . 

Cosmological, numerical simulations of galaxy for- 
mation are challenged in forming bulgeless galaxies, 
known as the angular mo mentum problern (or angular 
momentum catastrophe) (iNavarro fc Benj [1991). The 
simulated galaxies are too dense, too small, too centrally 
concentrated, and have lower angular momentum than 
observed because subhalos in a DM halo cool too fast, 
which causes angular-momentum l oss by d ynamical fric- 
tion a nd mer ging of these clumps ( i D'Ong hia & Burker^ 
l2004l IPiontek fc Steinmetzi l2009ai r Feedback pro- 
cesses can suppress dr amatic coolin g and loss of 

angular momentum (ISomme r-Larsc n et al.l 120031: 
Okamoto et al .ll2005l: iRobertson et al.n2006l : lMaver et ahl 
2008: Scanna pieco et al. 1 120081) . Modern cosmological 
simulations show that it is possible to form exponential 
disk galaxies that are comparable to observations 
by u si ng realistic models o f feedb a ck (iMaver et al ' 



2008| IPiontek fc Steinmetd l2009bl : iGovernato eTa! 
2010( 1. However, other studies claim that neither 



different kinds of feedback (jD'Onghia fc BurkertI 120041 : 
[P'O nghia et al, 2006 ) nor increa s ed numerical resolu- 
tion teockert fc Steinmetj 120071: IPiontek fc Steinmetd 
I2009ar can resolve the angular momentum problem 
completely. Therefore, the formation of simple disk 
galaxies in a cosmological framew ork is not yet well 
understood (Burkert 2008; Mave r et all |2008), and 
a detailed understanding of this topic is just at the 
beginning. 

3. EVOLUTION 

In the current A cold DM (ACDM) framework of struc- 
ture formation and evolution, galaxies in DM halos grow 
hierarchically by the absorption of smaller substructures 
in sub halos (ISearle fc ZinnI IT978I: IWhite fc ReesI IT978I : 
IBlumenthal et al.l 1198^ )7" This means that disk galax- 
ies have always been subject to merging and interac- 
tion. Almost all galaxies with present halo mass com- 
parable t o the M il ky W ay {Mdm ^ IO^Mq, M^tars ~ 
10"Mq, IDuttonI ([20091 )) are believed to have experi- 
enced a major merge r (i.e., a merger with a similar 
mass partner) (Stewar t et al.|[2008l : iWang fc KauffmannI 
120081 iStewart et al.l 120091 ) Fl Major mergers cause dra- 

^ Strictly speaking, the model of hierarchical clustering (HCM) 
implies that every structure has experienced a major merger when 



matic morphological transformations of disk galaxies. At 
the upper limit, a merger may cause the total destruc- 
tion of the disk an d the formation of a spheroi dal, ellip- 
tical g alaxy (e.g.. iToomrj 119771 : [Barnes 1992^ iGardneri 
120011: iCox fc Loebl 120081 ). Massive disks can then 
be reb uilt from gas depos i ted in a gas-rich (rnajor) 
merger (iHammer et al.ll2009l:lRobertson fc Bullockll2Q09t 
lYang et al.ll2009D supported by the additional accretion 
of cold gas ([Dekel fc BirnboimI 12006). However, these 
so-called rebuilt scenarios assume that disks will be re- 
formed around preexisting sp heroidal bulges (Stcinmet3 
120031: iSpringel fc HernquistI 120051 ). In less violent 
cases of major mergers, spheroidal bulges can formed 
by dynamically heated disk stars and accreted mate- 
rial |Aceves et al.ll2006t iBournaud et al.ll2007t iKhochfaii 
120091 ). In addition, new bulge stars can be formed 
from disk gas that lost its angular momentum by non- 
axisyr nmetric distortions due to galaxy-galaxy interac- 
tions (iNoguchil 120011: iBenson et alj 12004 iHopkins etHI 
l2009atlKoda' et al. 

mm- 

Simple disk galaxies are low-mass systems (compara- 
ble to M33 with Mdm ~ IO^-^Mq, Mstars ~ IO^^^Mq, 
iDutton (2009)) that are not subject to frequent major 
merging events ([Stewart et al.ll2008trWang fc KauffmannI 
120081 ). However, multiple minor mergers (with partners 
of mass ratios < 5) are common for low massive galax- 
ies at low redshifts (IBournaud et al.ll2 007' ; 'Bul lock et al.l 
[200I iJogee et al.l 120091: iStewaTTeTal.. .2009.). Minor 
mergers heat the thin disks ( e.g.. IBuUock et al.l [20081: 



IKazantzidis et a l.' '25^8!, 'Purcell et al."200 9|), let 

bulges grow (e.g. , Naab fc Burkert 2003; D'Onghia et al.l 
[2OO6I: IBournaud et al.l 120071: [Khochfar 2009) and could 
also form an elliptical galaxy (Bournau d et al. 200'^ 
ICombesI 120091) . According to these model predic- 
tions, not many simple disks should have survived 
th e cosmological evo l ution. Several recent studies 

f.obertson et al."'2006'; 'Mayer et al."2008'; 'Hop kins etahl 
09a, b; Koda et al. 2009; Weinzirl ct al. 2009!) targeted 
this challenge and found that low-mass and gas-rich 
disk galaxies — such as simple disks — in combination with 
feedback processes can prevent substantial damage dur- 
ing mergers. In these models, the large amount of col- 
lisional gas suppresses violent relaxation of the angular 
momentum in the merger and subsequently conserves the 
disk structure of these galaxies. 

However, several observations of simple disk galax- 
ies show signatures of galaxy-galaxy interactions. For 
example, many simple disk galaxies show warps, a 
possible indicator of ongoing morphological transfor- 
mations (iReshetnikoy 1995; Uson fc Matthews 200^ 
iMatthews fc Usonj|2004f ). It is also observed that some 
simple disks host a faint and diffuse th ick stellar disk 
component ([Yoachim fc DalcantonI 120061 see also Sec- 
tion [51). These thick disks can be formed during merging 
events and co ntain large fractions of the s tellar mass in 
such galaxies ([Yoachim fc Dalcan ton' 2008) . 

Another explanation of the observed frequency of 
simple disks is that they are exceptionally stable. 
Massive spheroidal components like bulges and DM 
halos can stabilize disks against external influence 
([Samland fc Gerhardll2003HSotnikova fc Rodionovll2006l: 



its hi story is followed far enough in the past IjKhochfar & BurkertI 
[200111 . 
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iKazantzidis et all I2OO90 . Simple disks have dominant, 
non-baryonic D M halos, see Section [SPI Moreover, the 
disk thickness (jKarachentsev et all I1997D of fl at galax- 



ies also is re l ated to the d ark halo. iZasov et a l. (2002), 
iKregel et all (|2005[ ). and ' Mosenkov et alj (|20ia ) used 
samples of edge-on disk galaxies including simple disks 
and found a correlation of the relative thickness of a stel- 
lar disk and the relative mass of the spheroidal compo- 
nent including the DM halo. Nevertheless, disk galaxy 
evolution remains hotly debated and future papers will 
contain exciting insights in this field. 

Disk galaxies can be also transformed via inter- 
nal, secular evolution. We are currently in a cos- 
mological transition era where secular evolution is 
becoming an important process (jKormendv fc Fished 
[2005). Non-axisymmetric structures like bars and oval 
disks support internal disk instabili ties and tr a nspor t 
gaseous material to the disk c enter (iKormen d^ ([1981: 
IKormendv fc KennicuttI (|2004[ ). see also ICombes et ahl 
( 19901) ). Subsequent central star formation forms a pseu- 
dobulge with disk-like properties such as disky isophotes 
when seen edge-on, exponential su rface brightness pro- 
files, and low velocity dispe rsion (jKormendv fc Fisherl 
l200a iFisher fc DroFvl |2Q08[ ). Bars are frequently 
detected in bulgeless gal axies ([Matthews fc Gallaghei] 
119971 : iBarazza et al.l [20081 ) . making simple disks poten- 
tial candidates for secular evolution. Flat and superthin 
galaxies are ideal for studying the predictions of secular 
evolution and the growth of pseudobulges because we do 
not know how many low-mass disks are affected by this 
internal evolution and if it is a common phenomenon in 
these objects. 

4. FRACTIONS OF SIMPLE DISKS 

Bulgeless simple dis k galaxies are comm on in 
the local Universe (iMatthews fc Gallagheii 
Boker et a]]|2002l: [Goto et al.ll2003l: IBarazza et al.l 



1997 



2008 



Cameron et al.l 120091 ). The first comprehensive search 
for dis k-dominated and bulgeless galaxies was initiated 
by iKarachentsev (1989) in order to map cosmic flows. 
Karachentsev used a simple but effective method to 
classify these galaxies by selecting only edge-on disks 
where bulges can be easily detected and the vertical 
structure can be studied. This work resulted in the 
"Flat Galaxy Catalog" (FCC, Karachentse v et aD 
1991 and the "Rev ised Flat Galaxy Catalog" (RFGC, 
Karachentsev et al]|1999^ . These optical all-sky surveys 



are supplemented by the near- infrared "The 2MASS 
selected Flat Galaxy Catalog" (jMitronova et al.ll2004 ). 
Follow-up optical and HI radio o bservations for FGC an d 
RFGC gala xies are collected in [Giovanelli ct al." ('1997|^ 
iDalcan ton fc Bcrnsteinl (I2 OOO0 . .Matthews fc van Driell 
(|2000)^ Makarov ct al. (2001^, iMitronova et all (|2005l )7 
and Hucht meier et al.. (.20051) . 

Kautsch et al.l (j2006al ) used the first d ata release of the 
Sloan Digital Sky Survey (SDSS DRl, lAbazaiian et al.l 
[2003) in order to collect a uniform and homogeneous 
catalog of edge-on disk galaxies. Similar to the FGC 

* The structure of simple disks is determined by a rotation- 
supported, cold extended stellar disk; a dominant, spheroidal, non- 
baryonic DM halo (see Section |5)l; and no bulge. On the opposite 
end of the morphological spectrum are the ellipticals with a domi- 
nant, hot stellar spheroid but almost without a cold disk and DM 
halo i fNapolitano ct al..,2009i) . 



and RFGC. lKautsch et al.l (|2006a| [H) selected the objects 
based on axial ratio (| > 3), angular diameter (a > 30"), 
and apparent magnitude (m < 20 mag in the SDSS g 
band) within a certain color range. The galaxies were 
then separated into a morphological sequence ranging 
from objects with bulges to bulgeless simple disks and ir- 
regulars: Sa(f), Sb(f), Sc(f), Scd(f), Sd(f) and Irr(f); (f) 
indicates that the galaxies contain flat disks seen edge- 
on. This automated classification is based on bulge size 
and disk flatness. The bulge size is represented by the 
light concentration index in the SDSS r band. This con- 
centration index is the ratio of the Petrosian radii given 
in the SDSS for each object that contains 90% and 50% 
of the Petrosian flux i n the same band, respectively (see 
iStoughton et al.ll2002L for the deflnition of the Petrosian 
parameters in the SDSS). The disk flatness parameter, e, 
is the luminosity weighted mean cllipticity of the ellipti- 
cal isop hotes in the SPSS r band fitted to each catalog 
galaxy ([Kautsch et al.ll2006aD [^ 

The fraction of the simple d isk class Sd(f) is 16% 
among the disk galaxies in the iKautsch et al.l (|2006a[ ) 
catalog. This fraction increases to 32% if the seem- 
ingly bulgeles s (but les s strictly defined) Scd(f) types 
are included. iKautschI ( 2009a, b j) confirmed these frac- 
tions b y using th e SDSS DR6 (jAdelman-McCarthv et al.l 
l2008f ). IKautschI ([2P09a) also compared the fraction of 
simple disks in the local Universe with other recent stud- 
ies (Karachent sev et aL_1999, 2004; Allen ct al. 20(3§ 
Kautsch et all [2006al : IBarazza et all 120081 : iKoda et ai] 



20091) " and found a simple disk fraction of 16±3% on aver- 



age among disk galaxies. This frequency shows that bul- 
geless galaxies comprise a non-negligible fraction of spi- 
ral galaxy systems. It is possible that small a nd compact 
bulges are obscured due to dust extinction ('Tu ffs et all 
120041 : iDriver et al.l [20081 ). However, this is unlikely in 
a majority of simple disks because they are observed 
to be transparent and these bulges would have differ- 
ent properties to th ose of classical bulge s predicted by 
theoretical models ([Cameron eTall [20091 ). Field stud- 
ies show that the number density of large bulgeless 
galaxies is constant (maybe slightly increasing) at red- 
shifts < z < 1 whereas the num ber of galaxies with 
bulges decreases at larger distances (Sargent et al.|[2007l : 



iDomingue z-Palmero fc Balcellsll2009i r 

Bulgeless galaxies are located in all environnients , 
ranging from low to high density ([Kautsch et al.l [2005L 
i2009.) . The majority of these galaxies are weakly as- 
sociated with galaxy clusters and can be found in 
more isolated environments comparable to galaxy groups 
and the field (iKudrva et al.l 119971: lKarachentsev[|1999bl: 
IKautsch et all 12009^. Because of the low relative ve- 
locities of group galaxies, merging and morphological 
processes that transform late-type galaxies into bulge- 
dominated and spheroidal galaxies are c ommon in the 
group environme nt (e .g., I Barnes! Il985t IKautsch et al.l 
I2008t iTran et al.ll2008D . This implies that simple disks 
either have to be stable against morphological prepro- 
cessing or are located in this environment due to recent 
infall. 

5. GLOBAL PROPERTIES OF SIMPLE DISKS 



Kautsch ( 2009a) found that e can also be directly derived from 
the image moments available in the SDSS archive. 
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Fig. 2. — This figure shows the total surface brightness, ^, versus 
the disk flatness, e, for a random sample of the Kautsch (2009a) 
edge-on galaxies. See text for a description of the parameters. The 
symbols above and below the y-axis label illustrate the increasing 
bulge size of the galaxies along this axis. The bulgeless galaxies, 
Scd(f), Sd(f), and Irr(f), exhibit lower total surface brightnesses 
compared to the disk galaxies with bulges. 



Simple disks are not a separate morphological class, 
but rather at the end of a smooth continuum w i thout 
a well-defined bound ary ([Matthews fc Gallagheii 119971 : 
iKautsch et al.l l20Q6a[) . The continuum ranges from 
massive, stellar disk galaxies with substantial bulges 
and with high surface brightnesses to the bulgeless 
galaxies with lower masses and surfa ce brightnesses 
(e.g.. iSchomb ert et all 119921: [Karachcnt sev et all 119931 : 
iMatthews et al.lll999l:lDuttoi]|2009.: .Ganda et al.ll2009[ ). 

Figures 2—6 illustrate these properties for different 
edge-on galaxies. Two prototypical superthin galaxies, 
UGC 07321 and IC 22330 are highlighted with large 
cross symbols. The objects in all figures represent a 
randomly selected subsample (in order to avoid mak- 
ing the plots too crowde d) from the SPS S DR6 edge-on 
disk galaxy collection by IKa utsch^ ('2 009aD. These g alax- 
ies are matched with t he iGiovanel li et al.l (|1997[ ) and 
IHuchtmeier et ahl ()2005l ) catalogs in order to obtain their 
rotational velocities, except for UGC 07321 and IC 2233 
for which the kinemat ic inf ormation was collec t ed from 
IMatthews eFal] (|1999f ) and IMatthews fc UsonI ()2008aD . 
respectively. The numbers of the objects slightly vary 
between the diagrams because some SDSS parameters or 
kinematics are not provided for every individual galaxy. 

Figure O shows the lower total surface brightnesses of 
simple disks compared to disks with bulges. However, 
this do es not mean that ev ery simple disk is an LSB 
galaxy (IKautsch et al.ll20 06a') nor that every LSB galaxy 
is bulgeless ([Bizvaev fc Kaisin 2004). The previously 
discussed flatness parameter e in the Figures j^ Hljis de- 
rived fr om the SDSS image moments as shown in KautschI 
(|2009af) . The SDSS does not contain image moments for 
IC 2233 because of a nearby, saturated projected star, 
therefore I use its isophotal ellipticity as given in the 
archive as a proxy for e. The total surface brightness of 
each galaxy in Figure [2] is derived by using the param- 
eters II = petroMag-|-rho, wh ich are given in the SDSS 
archive (jStoughton et al.ll2002l) . rho is five times the log- 
arithm of the Petrosian radius. No correction for inclina- 
tion and extinction in the individual objects is applied. 

On average, bulgeless disks rotate slower than galax- 

IC 2233 = UGC 04278 



Fig. 3. — This figure shows the rotational velocity, Vrot, versus 
the disk flatness, e, for the same random sample of Fig. [2] Galaxies 
with bulges rotate faster on average compared to disk-dominated 
and bulgeless systems. 



0.4 
0.5 
0.6 
0.7 
0.8 
0.9 



Sa(f), Sb(f) A 
Sc(f) . 
Scd(f), Sd(f) - 

UGC 07321 + 
IC2233X 



X 

0.2 



0.4 



0.6 
- r 



Fig. 4. — This figure shows the g — r color versus the disk fiatness, 
e, for the same random sample of Fig. [2] Galaxies with bulges 
are redder on average compared to disk-dominated and bulgeless 
systems. 



ies with bulges as shown in Figure |3| The HI line 
width at 5 0% peak flux (W^ n. r) fro ni fGiovanelli et aD 
(|1997[) and IHuchtmeier et al.l (|2005[) is used to derive 
the rota tional velocities for the sampl e galaxies {vrot = 
W^'^n^ /2. iDalcanton fc Bernstein|[2003) . Considering the 
rotational velocity as a proxy for the total mass of the 
objects, the figure implies that flat galaxies are low-mass 
systems. 

Only a few edge-on simple disks have been studied in 
detail so far. Therefore I will focus on studies of LSB su- 
perthin simple disks such as UGC 07321 and IC 2233 
in this and the next section. The results from these 
prototypes are presumably valid for most of the sim- 
ple disks. Generally, sim ple disks have low m et allici- 
ties and blue global colors ( Matthews fc G allagher 19971: 
IMatthews fc UsonI l2008al : iCameron et"!!! , 2009) which 
places them in the blue c loud of galaxies (fStrateva et al.l 
120011: iBaldrv et al.ll200l . Figure H shows the apparent 
colors for different edge-on disk galaxy types. The col- 
ors are derived from the Galactic extinction corrected 
Petrosian q and r ma gnitudes from the SDSS archive 
(jStoughton et al.l[2002| ). Although no inclination correc- 
tion is applied, edge-on galaxies with bulges appear to 
be redder compared to the average color of simple disks. 
The color range of bulgeless disks can represent varia- 
tions of the recent star- formation rates (|Lee at al.ii2009l : 
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iWest et all I2009D . Variations in metallicities and red- 
dening due to different dust content also can cause dif- 
ferences in colors, but these effects are considered to be 
small because simple disks host only small amounts of 
interstellar dust, discussed later in this section. 

Simple disks are not necessarily young. Many contain 
old stellar populations (< 10 Gvrs.lBergvall fc Ronnbackl 
1995 Ide Blok et al.l [T995|) . IMatthews et all (I1999D a^^ 



Matthews &: UsonI (|2008aD also find radial color gradi 



ents in edge-on superthins with a central mix of stellar 
populations of different ages and a very young population 
in the outer disk. Additionally, they find a population of 
redder, older stars at higher scaleheights. This suggests 
that the objects formed slowly in time from the inside 
out and experienced vertical dynamical heating. 

These studies also show signatures of ongoing, localized 
star formation such as HII regions, OB associations, and 
cand i date supergiant popula t ions (.Bergvall fc Ronnback, 
IT995I: IMatthews et~aLl [l999l: IMatthews fc Uso n 2008a]). 
The global star formation rates of the prototypical su- 
perthins are: UGC 0732 1 SFRfp^,? ~ 0.006 M^ wr"^ 
([Matthews fc Woodl[200l lUson fc Ma tthew^'200 3|); and 
IC 223 3, SFRiRAS ~ 0.02 Mgyr-i (.Ma tthews fc Usm] 
12008a'). These estimates are at the lo w end of ob- 
serve d star formation rates for Sd spirals (|Kewlev et al.l 
|2002| ). Therefore, Matthews and coworkers conclude 
that the superthin galaxies are underevolved systems in 
the sense of star formati on (e.g., Matthews ct al. 199^; 
IMatthews fc U son"2008a'). The low global star formation 
rates can be explained by the HI s urface density being 
too low to efficiently form sta rs (e.g. . Ivan der Hulst et al.l 
Il993t iSchombert et al.l[2001| ) and a high velocity disper- 
sion of the gas that makes the disks stable against star 
formation ('Ba neriee et al.|[2010[ ) . Interesting future work 
could be done concerning the star formation rate per 
area, or star-formation rates, normalized to the ph ysical 
sizes of the galaxies fcf.. lHunter fc Elmegreenl2004f ) . The 
specific star formation rates of the superthins might be 
also higher than the global star formation when consid- 
ering the low stellar masses (e.g., J)utton 2009) of these 
bulgeless systems. 

Bulgeless galaxies contain l arge amounts of 
atomic, neutral HI gas (Karach entsev et al.l 11999c : 
Matthews fc van Driell [2OOO1 : iMakarov et al.l 12001 : 
Matthew s fc UsonI l2068al l The gas is ex t ended 
throughout the st ellar disk ([Matthews et al.l 119991 : 
IMatthews fc UsonI l2008al) . Also hot, ionized HII 
gas — distributed in clumps — exists in simple disks 
([Matthews et al.l[l999l ). Molecular H2 gas as traced by 
carbon monoxide, CO, is weakly det ected in late-type 
spira ls and edge-on simple d isks (Young fc Knczek' 
19891 IMatthews fc Gaol 120011 : [Bokcr ct al. 2003b; 



Matthews et al.ll2005D . 



The amount of du st is gene r ally low 

([Matthews fc WoodI 120011 : iStevens et all l2005f ) as 
implied by the transparency of the edge-on simple 
disks (Matthews et al. 1999; Matthews fc Wood 2001; 
[Karachentsev et al.l 120021 : IMatthews fc UsonI I2008b0 . 
In contrast to the organized dust lanes in edge-on 
spiral galaxies with bulges, simple disk s show a clumpy 
and d iffuse dist ri butio n of dust (IMatthews et aP 
19991: IMatthewsl I2OOOI : IMatthews fc WoodI 12001 7 
Dalcanton et al.l ([2004f ) found that organized dust 
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Fig. 5. — This figure shows the rotational velocity, Vrot, versus 
total surface brightness, /i, for the same random sample of Fig. [2] 
Bulgeless and disk-dominated systems rotate slower and have lower 
surface brightnesses compared to galaxies with bulges. 
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Fig. 6. — This figure shows the rotational velocity, Vrot, versus 
the g — r color for the same random sample of Fig. [2] Bulgeless 
and disk-dominated systems have bluer colors and are slow rotators 
compared to galaxies with bulges. 



lanes appear only in edge-on galaxies with bulges and 
relative fast rotational velocities. These authors suggest 
that the galaxies with organized dust lanes are more 
gravitationally unstable, which leads to fragmentation 
and gravitational collapse along spiral arms and sub- 
sequently smaller gas scaleheights, pronounced dust 
lanes, star formation, and high surface brightnesses. In 
contrast, the distribution of dust in edge-on simple disks 
is clumpy if their rotational velocity is below v^q^ = 120 
km s~^. In this case the dust has not settled into 
a thin lane and therefore appears patchy and diffuse 
because the simple disks are gravitationally stable and 
have low star-formation rates, which also implies lower 
metallicities and lower mass. This explains the lower 
total surface brightnesses and slower rotation of simple 
disk galaxies compared to g alaxies with bulge s as sh own 
in Figure [5] The ideas from iDalcanton et al.l ([2004D are 
then also visible in Figure [HI more massive galaxies as 
indicated by their larger rotational velocities form more 
stars at earlier times and have redder present day colors. 
In contrast, slow rotators tend to have thicker gas disks 
and thus less efficient star formation and therefore 
spre ad their star formati on out over a longer time (see 
also iBaneriee et all 120101) . In this way they can remain 
blue for longer times. 
According to the ideas in IDalcanton et all ([2004D . Fig- 
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ure [S] suggests that the rotational velocity (determined 
by the baryonic mass a nd DM) regulates the average star 
formation history (cf.. iKennicutt I [19981 ). While bulges 
become more common at large Vrot , their presence is not 
necessarily related to a red galaxy color because bulge- 
less galaxies can also have red colors. In other words, 
if a gal axy has a high rotation al velocity, it forms stars 
quickly ()Dalcanton et al.ir2004D and so has red colors; and 
it is also more likely to produce a bulge. Both character- 
istics are tied to the rotational velocity but it remains un- 
clear whether a red color and the presence of a bulge are 
correlated independent of Vrot- The lower surface bright- 
nesses of simple disks indicate that the probability for 
bulge formation depend s on the mass and Vrot o f the host 
galaxy. As suggested bv lKautsch et al.l (|2006aD . this cor- 
relation can be linked to the models where internal, sec- 
ular disk instabilities are responsible for forming bulges 
through the dependence of the Toomre Q-pa rameter on 
disk surface density fe.g.. Ilmmeli et alll2004D . 

The rotation curves of edge-on simple disk galaxies 
are generally fiat and slowly risin g throughout their 
stellar disk (Matthews ct al. '1999"; ' 
2000; .Makarov et al. 2001: 



Mendelowitz et al.l 

van dcr Kruit ct al. 200 1|; 

Zackrisson et al.l 120061 ). see also IZasov fc Khoperskovl 
(|2003D . These solid-body rotation curves are typical 
for late- type irregular galaxies, making simple disks 
the simplest dynamical type of disk galaxies. The 
rotation curves and axial ratios indicate that these 
galaxies are completely DM dominated, even in their 
centers , and are surroun d ed b y a sph erical dark 
halo ( Karachentsev fc Xul 
2000t IZasov et al.l 



200? 



19911: Mendel owitz et al.l 

, .. .Uson fc Matthews! 120031: 

Zackrisson et al.l 120061: iBaneriee et~a l. 2010). These 
rotation curves are also useful to probe DM profiles 
in disk galaxies. Numerical N-body simulations of 
ACDM predict central dark halo mass densities sig- 
nificantly larger and cuspier than obs erved in LSB 
simp le disks ("core/cusp problem," see iNavarro et al.l 
119971 and references therein). In contrast to the 
models, the observation s show nearly constant d ensity 
cores (iZackris son et aT '20061 iMcGaugh et al.l 120071 : 
iKuzio de Narav et al..,2009i) . 

The Tully-Fisher relation of edge-on simple disks can 
be used for estimations of distances, luminosities, diam- 
eters, and other pa r ameters (e.g., [K arachentsev 199ll 
iKudrva et all Il997t Karachentsev et al.l I1999d . 12003 ). 
The dust corrected Tully-Fisher relation for faint and 
bulgeless LSB galaxies indicates that their absolute mag- 
nitudes appear to be fainter than for spirals with bulges 
for a fixed HI line width, i.e., faint L SB simple disks ro- 
tatc faster for a predicted luminosity (jKudrva et al.llT997l : 
[Matthews & Wood 2001). 

The far end of the continuous sequence of properties is 
occupied with bulgeless irregulars, see Figures [SHU The 
main difference is their thicker appearance. The under- 
lying reason for this structural difference may be of kine- 
matical origin, where turbulent motion can compete with 
ordered rotation because of low rotational velocities in ir- 
regulars fjSeiden fc G erola 1979; Sung ct a. 1998). This 
in turn leads to low surface brightnesses because more 
stellar material is distributed over a wide range of disk 
scale heights, which p roduces low stellar surface densi- 
ties (|Schombertll2006f ). This trend is visible in Figure [5l 
although the sample of irregulars is small in the present 



study because of the lack of avail able kinema tic informa- 
tion for the presented objects. iSchombeT^ ((2006) con- 
cludes that the random gas motion leads to stochastic 
and slow star formation compared to co herent patterns 
of sta r formation in fiatter disks (see also iBanerjee et al.l 
I2010D . However, the difference between flat disks and 
puffy irregulars is not understood in detail, considering 
that Irr(f) objects and fiat disks can have similar values 
of their rotational velocity (Fig. [3]) . 

6. STRUCTURES IN SIMPLE DISKS 

The radial surface brightness profiles of edge-on sim- 
ple disks are close to projected exponentials, as they are 
also for simple disks at other, less inclined viewing an- 
gles (iMatthews et al.l 119991 : iBoker et al.l l2003al : iDuttonI 
[20091) . The profiles in some bulgeless LSB galaxies de- 
crease from an exponential fit in the central regions but 
it is unknown whether a strong DM dominance in the 
centers of the ga laxies is responsible for the deficit of the 
stellar densities ([Zackrisson et al.[|2006[ ). 

The vertical stellar structure of edge-on simple disks 
can be fit with a variety of profiles (isothermal sech^, 
sech, or exponentia l profi les) which differ only at small 
heights ( jMatthewi 120001 and references therein). At 
large scaleheights, single profiles sometimes deviate from 
one-component fits which could be explained by a sec- 
ond, thick stellar disk component ([Yoachim fc DalcantonI 
|2006( ). These thick disks appear to be older than 
the thin disk and ha ve distinct , slow e r kinematics , 
even counterrotation CMa tthewsl [2OO0I: IMouldl [2005I : 
lYoachi m & Dalcanton 2008). Whereas internal or ex- 
ternal heating via dynamical friction can be responsi- 
ble for the thick disk, current studies favor direct ac- 
cretion of the thick-disk mat erial during minor mergers 
([Yoachim fc Dalcantonl[2b08( ) . The sample studied so far 
is very small. Using larger samples, edge-on simple disks 
may be an excellent tool to test the different thick-disk 
fo rmation theories. 
iFerrarese fc MerrittI (|200q) and lGebhardt et al.l ([2OOO0 
(|2009( )) found a tight relation be- 



(see also iGanda et al 



tween the mass of supermassive black holes and the veloc- 
ity dispersion of bulges in disk galaxies. This relation can 
be explained in a hierarchical universe where bulge and 
black hole growth is a consequence of merging galaxies 
([Pendl2007t [Wang fc KauffmannI [20081 ). In this respect, 
simple disk galaxies are expected to be black hole free. 
However, there is growing evidence that this is not al- 
ways true; f or example: NGC 104 2, [Shields ct al. (2008); 
NGC 3621. 'Satvap al et al.l (f 2007). (Gliozzi_eiaL|L2009); 
or NGC 4395, Fi lippenko k Ho (2003), among other sim- 
ple disks. Nuclea r star clusters are also often found in 
bulgeless g alaxies jBSker et al.ll200llWalcher et al.ll2005L 
[2006 : Ro ssa et al.ll2006( ). 

7. OUTLOOK 

We need studies focused on edge-on bulgeless galax- 
ies independent of their surface brightnesses and other 
selection criteria to investigate the properties and the 
formation and evolution of simple disks. Large surveys 
already contain much of the needed material for such fu- 
ture investigations. Interesting work could be performed 
by tracing the frequency and properties of simple disks 
in different environments and redshifts in order to paint 
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a picture of their evolution histo ry and progenitor sys- 
tems (of.. lElmegreen et al.l 120041) . A census about the 
total halo, stellar, and gas masses would shed light on 
the stability of the disks and eventually on the mystery 
of the dark matter. 

Simple disk galaxies are ideal objects to test current 
cosmological theories of the formation, evolution, and 
morphological transformations of galaxies; to explore un- 
known properties of these objects; and to fascinate peo- 
ple in the International Year of Astronomy and beyond. 
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